Hepatocyte transplantation is a promising therapeutic approach for various liver diseases. Despite the liver's tolerogenic potential, early immune-mediated loss of transplanted cells is observed, and longterm acceptance has not been achieved yet. Patients deemed tolerant after liver transplantation presented an increased frequency of regulatory T cells (Tregs), which therefore also might enable reduction of posttransplant cell loss and enhance longterm allograft acceptance. We hence characterized hepatocyte-induced immune reactions and evaluated the immunomodulatory potential of Tregs applying mixed lymphocyte cultures and mixed lymphocyte hepatocyte cultures. These were set up using peripheral blood mononuclear cells and primary human hepatocytes, respectively. Polyclonally expanded CD4 1 CD25 high CD127
Hepatocyte transplantation is a promising therapeutic approach for various liver diseases. Despite the liver's tolerogenic potential, early immune-mediated loss of transplanted cells is observed, and longterm acceptance has not been achieved yet. Patients deemed tolerant after liver transplantation presented an increased frequency of regulatory T cells (Tregs), which therefore also might enable reduction of posttransplant cell loss and enhance longterm allograft acceptance. We hence characterized hepatocyte-induced immune reactions and evaluated the immunomodulatory potential of Tregs applying mixed lymphocyte cultures and mixed lymphocyte hepatocyte cultures. These were set up using peripheral blood mononuclear cells and primary human hepatocytes, respectively. Polyclonally expanded CD4 1   CD25   high   CD127 low Tregs were added to cocultures in single-/trans-well setups with/without supplementation of anti-interferon c (IFNc) antibodies. Hepatocyte-induced alloresponses were then analyzed by multicolor flow cytometry. Measurements indicated that T cell response upon stimulation was associated with IFNc-induced major histocompatibility complex (MHC) class II up-regulation on hepatocytes and mediated by CD4 1 T cells. An indirect route of antigen presentation could be ruled out by use of fragmented hepatocytes and culture supernatants of hepatocytes. Allospecific proliferation was accompanied by inflammatory cytokine secretion. CD8 1 T cells showed early up-regulation of CD69 despite lack of cell proliferation in the course of coculture. Supplementation of Tregs effectively abrogated hepatocyte-induced alloresponses and was primarily cell contact dependent. In conclusion, human hepatocytes induce a CD4 1 T cell alloresponse in vitro, which is associated with MHC class II up-regulation on hepatocytes and is susceptible to suppression by Tregs.
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Received July 2, 2017; accepted December 16, 2017. Hepatocyte transplantation (HT) is a promising therapeutic approach as treatment for various liver diseases. (1) Primary human hepatocytes (PHHs) may be cryopreserved for use of HT in emergencies (2) and genetically modified extracorporally prior to transplantation. (3) In animal experiments, HT leads to hepatic remodeling with histologically indistinguishable engrafted hepatocytes. (4) These achievements could not yet be transferred into clinical practice, where HT only resulted in transient amelioration of liver function (5) prolonging survival for up to 52 days, before patients require orthotopic liver transplantation. (6) Reasons for the limited cell survival might be competition with tissue-resident cells in a nonpreconditioned environment (7) and rejection by the recipient's immune system. (8) Rare occurrence of hyperacute rejection and immunomodulating effects in combined hepatorenal grafting (9) highlight the liver's immunoprivileged status with indications that allograft survival is independent of aggressiveness of immunosuppressive medication or human leukocyte antigen (HLA) matching. (10) Experiments in mice demonstrated induction of strong cellmediated immune responses independently by both CD4 1 and CD8 1 T cells in hepatocyte rejection. (11) Contribution of humoral responses is also suggested with alloantibody-mediated reactions increased in CD8 1 -deficient recipient mice. (12) Alterations induced during cell isolation and removal of other immunocompetent cells may also augment hepatocytes' immunogenicity. (13) Instant blood-mediated inflammatory reaction after hepatocyte infusion was lately described to induce cell losses up to 70%. (14) Tolerated liver allografts showed higher fractions of regulatory T cells (Tregs), and acute rejection was induced upon Treg depletion. (15) Tregs are known to suppress T and B cell-mediated immune responses, modify effectors of innate immunity, or activate effector functions in target tissues and are thus considered key players in transplantation tolerance. (16) Treg therapy in transplantation is currently moving to the clinic. (17) The future clinical goal is clear: reduction of postoperative immune-mediated cell loss after HT to enable more effective engraftment with donor hepatocytes and to improve longterm allograft acceptance. In an in vitro model based on coculture of peripheral blood mononuclear cells (PBMCs) with PHH, the aims of this project are further characterization of immune responses induced by isolated allogeneic hepatocytes and analysis of the immunomodulatory potential of Tregs.
Patients and Methods

HEPATOCYTE ISOLATION AND CULTURE
Liver tissue was obtained from patients undergoing partial hepatectomy and upon written informed consent (approved by the ethic commission of Hannover Medical School, #252-2008). Hepatocytes were isolated by modified 2-step collagenase perfusion as previously reported (18) and cultured using collagenprecoated 6-well plates. After 16-18 hours, culture medium was changed to remove dead cells to ensure formation of a confluent monolayer.
ISOLATION AND EXPANSION OF TREG
Tregs were isolated as reported previously (19) 5 cells/well in supplemented RPMI1640 with CD3/CD28-expanderbeads (Dynabeads, Invitrogen, Carlsbad, CA; initial ratio to cells 4:1) and 300 U/mL interleukin (IL) 2. Bead:cell ratio was reduced to 1:1 on day 10 and further to 1:4 on day 20. Medium was changed every second day, and populations split after 5-7 days. Following expansion for 14-28 days, Tregs were used in mixed lymphocyte culture (MLC)/mixed lymphocyte hepatocyte culture (MLHC) experiments. The purity of the expanded Tregs was ascertained by intracellular FOXP3 staining as described above.
MIXED LYMPHOCYTE CULTURE
MLCs were set up as previously reported, (20) but they were modified for analysis of cell proliferation by flow cytometry: responder cells were stained with PKH-26 according to the manufacturer's instructions (SigmaAldrich, St. Louis, MO) and as reported elsewhere. (21) Th, T helper; TNF-a, tumor necrosis factor a; Treg, regulatory T cell.
Allogeneic stimulator cells were irradiated with 30 Gy (GammaCell 2000) and dyed with CellVue Maroon (Polysciences, Warrington, PA). Expanded Tregs were also stained with CellVue Maroon (both according to the manufacturer's instructions). Cells were cocultured with 1 3 10 6 cells/well each in 2 mL of supplemented Williams Medium E on 24-well plates for up to 10 days. Tregs were added at a 1:1 ratio on day 0 where applicable. Experimental groups were as follows: stimulator 1 na€ ıve responder PBMC; stimulator 1 responder PBMC 1 Treg; stimulator control; responder control. Medium was changed in part (0.5 mL) daily.
MIXED LYMPHOCYTE HEPATOCYTE CULTURE
On the basis of the in vitro model by Bumgardner et al., (22) a modified approach of MLHC was developed: experiments were performed analogous to MLC described above, with allogeneic PHH monolayer cultures as stimulator. Again, responder PBMCs were stained with PKH-26, and Tregs were stained with CellVue Maroon. MLHC was performed in 6-well plates with 2 mL supplemented Williams Medium E with daily change of 0.5 mL. PHHs were seeded at 1.5 3 10 6 /well. The 5 3 10 6 na€ ıve responder PBMC with/without expanded Tregs at a 1:1 ratio were added on day 0 where applicable. Experimental groups were as follows: PHH 1 PBMC; PHH 1 PBMC 1 Treg; PHH control; PBMC control; and Treg control. Culture supernatants were stored at 2808C for cytokine analysis in batch.
INDIRECT ROUTE OF ANTIGEN PRESENTATION
PKH-26-marked PBMCs were cultured in Williams Medium E supplemented with PHH lysates prepared by repeated snap-freezing/thawing of 1 3 10 6 PHHs or daily supplementation of 0.5 mL of culture supernatant of PHH cultured as monolayers (cross presentation of proteins from dead PHH).
TRANS-WELL EXPERIMENTS AND BLOCKADE OF IL10/ INTERFERON c
Trans-well experiments were set up analogous to MLHCs described above with Tregs added in transwell inlets (pore diameter 0.5 lm; Greiner bio-one, Kremsm€ unster, Austria) prohibiting direct cell contact with PHH or PBMC. Experiments were performed in the presence/absence of anti-IL10 (1 lg/mL; BioLegend) or anti-interferon c (0.5 lg/mL; Invitrogen) antibodies, respectively. Medium change and sample collection were performed as described above.
FLOW CYTOMETRY
For analysis of early stimulation on day 3, unlabeled PBMCs were retrieved from culture and stained with monoclonal antibodies as indicated: fluorescein isothiocyanate-conjugated CD4 and CD8 (Immuno Tools, Friesoythe, Germany), phycoerythrinconjugated CD25 and CD69 (BD Bioscience, San Jose, CA). For late proliferation control, PKH-26-stained PBMCs were analyzed on day 10. Additional staining for CD4 and CD8 was performed to distinguish T cell subpopulations. Expanded Tregs were excluded during gating for analysis by CellVuelabeling (Supporting Fig. 1 ) to prevent confounding. Flow cytometric measurements were performed using a FACSCalibur (BD Biosciences), and results were analyzed by FACSDiva software.
Hepatocytes retrieved from MLHCs on day 10 were stained with allophycocyanin-conjugated anti-HLA-DR for detection of major histocompatibility complex (MHC) class II expression. MHC class II expression also was examined on PHH monocultures stimulated with interferon c (IFNc) (100 ng/mL; Peprotech, Rocky Hill, NJ) for 3 days, with nonstimulated cells serving as control. Flow cytometric analyses were performed using a FACSCanto II (BD Biosciences).
CYTOKINE ANALYSIS
Cytokine profiles from culture supernatants were determined using the Luminex-based multiplex technology according to the manufacturer's instructions. Cytokines were quantified in culture supernatants using the human Th 17 -Plex (Bio-Rad, Chicago, IL). Standard curves and cytokine concentrations were calculated with BioPlex Manager 6.0 software; the detection limit of all proteins was between 1 and 10 pg/mL.
STATISTICAL ANALYSIS
Statistical analysis was performed using SPSS statistics, version 24.0 (IBM, Armonk, NY). Mann-Whitney U and Wilcoxon signed-rank tests were applied as appropriate. Differences were regarded statistically significant with P < 0.05. Results were expressed as mean 6 standard error of the mean (SEM) unless otherwise indicated.
Results
MLC VERSUS MLHC
To characterize immune responses against allogeneic PHH, we established a novel coculture system based on the principle of conventional MLC: MLHC (Fig. 1A) . Alloresponses induced by PHHs in vitro were compared with patterns in conventional MLCs, and the results were used for definition of optimal time points for further sample acquisition. Read-out of proliferative responses by flow cytometry ensued as shown in Fig.  1B . Gating strategy is displayed in Supporting Fig. 1 .
In conventional MLCs (Fig. 1B,C) , proliferative alloresponse upon stimulation with irradiated allogeneic PBMCs reached a plateau on day 7 of coculture. Because of prospective clinical use of immunomodulatory Tregs, we analyzed polyclonal Treg supplementation within MLCs that resulted in significant suppression of proliferation. In comparison, alloresponses within MLHCs resulted in timely delayed and less intense proliferation of responder PBMCs (Fig. 1B,D) . No plateau was reached during coculture of 10 days (no prolonged culture performed due to dedifferentiation of PHHs in longterm culture). Nonetheless, these alloresponses could again be significantly reduced upon coculture with Tregs.
For analysis of interindividual stimulatory potentials of allogeneic hepatocytes on PBMCs, immune responses induced by PHHs from different donors on the same responder PBMC were compared and vice versa. Donors of PHHs, PBMCs, and Tregs were not screened for immunological parameters such as HLA. Not only did the same responder PBMC react with significant variance in proliferation upon stimulation with various allogeneic donor PHHs, but also response intensities varied greatly for different PBMC responders with PHHs of the same donor (Fig. 1E,F) , which does not seem to result from different levels of MHC mismatches (Supporting Fig. 2) . Nonetheless, proliferative responses could be suppressed effectively by Treg coculture.
CHARACTERIZATION OF PROLIFERATIVE ALLORESPONSES IN MLHC
For further characterization, involvement of CD4 1 
and CD8
1 T cell subpopulations in proliferative alloresponses on day 10 of MLHC was investigated. Fluorescence-activated cell sorting analysis showed distinct proliferation of CD4 1 T cells and efficient suppression upon Treg supplementation. Only limited proliferation was observed for CD8 1 T cells; Treg coculture delivered no mentionable effect ( Fig. 2A,B) .
PHHs constitutively express HLA class I, predicting a CD8 1 T cell-driven immune response, whereas CD4 1 T cell proliferation is triggered by antigen-presenting cells expressing MHC class II. Indirect antigen presentation routes were ruled out by stimulating PBMCs with PHH lysates and culture supernatants of PHH (Fig. 2C) . Consequently, we hypothesized that PHHs up-regulate expression of MHC class II as part of the immune reaction and investigated its expression on hepatocytes used within MLHC. Suitably, HLA-DR was induced in PHHs stimulated by PBMC coculture (Fig. 3A,B) but not in PBMC-free PHH cultures. For consolidation, we added IFNc to PBMC-free PHH cultures. IFNc is known to induce HLA class II expression on antigenpresenting or stromal cells. (23, 24) Indeed, supplementation of IFNc caused significant up-regulation of HLA class II expression on PHH (Fig. 3C) . To further elucidate the role of IFNc on a functional level in this setting, blocking anti-IFNc antibody was applied in MLHC: dosedependent reduction of MHC class II on PHH was observed with a consecutive reduction of induced alloproliferation ( Fig. 3D,E; for titrations see Supporting Fig.  3 ), confirming involvement of IFNc in this process.
Measurement of cytokine levels on day 10 in supernatants of MLHC was performed to further characterize immune reactions in this setting. Generally, cytokine levels were highest in the stimulation group (PHH 1 PBMC) suggesting an inflammatory milieu with significant reduction upon the addition of Tregs (Fig. 4A) . IFNc levels were especially elevated in MLHCs, matching our hypothesis above. In addition, T helper (Th) 2-associated cytokines IL10, IL21, and IL31 were induced upon PHH/PBMC coculture. Likewise, soluble CD40 ligand (sCD40L) levels as a marker of CD4 1 T cell activation were highest in this group corresponding to elevated CD40L concentrations in acute allograft rejection. (25) Treg supplementation significantly reduced this cytokine induction, but it could not significantly suppress secretion of proinflammatory cytokine IL6. Th17 and Th22 cytokines seem to play a minor role because these signature cytokines were poorly secreted. In supernatants of PBMC monocultures only low cytokine amounts were detected, whereas for some, slightly elevated levels were found in PHH monocultures, indicating that allogeneic stimulation generally seemed mandatory for significant cytokine induction (Fig. 4A) .
High levels of the anti-inflammatory cytokine IL10 were expected to be reversed: Tregs typically exert suppressive effects by IL10 secretion. (26) For further assessment, T cells and Tregs were spatially separated by trans-wells, which significantly reduced modulatory potential of Tregs (Fig. 4B,C) , indicating an inferior role of IL10 secretion for Treg-mediated, mainly cellcontact-dependent suppression in MLHC. Results of in vitro blockade of IL10 using appropriate antibodies support this because proliferative alloresponse is enhanced in MLHC without Treg coculture or Treg coculture in the trans-well setting. The suppressive effect of Tregs could not be reversed when direct cell contact was enabled. Results were not regarded statistically significant due to the small number of cases (Supporting Fig. 4 ).
ROLE OF EARLY ACTIVATION MARKERS IN MLHC
Several authors have described mediation of rejection reactions by both CD4 1 and CD8 1 T cells. Because no proliferative reaction of CD8 1 T cells was found in MLHC, other possibilities like rapid responses (27) with expression of early activation marker CD69 were considered. (28) Early activated CD8 1 T cells die prematurely after transplantation due to sparse IL2 production and diminished expression of CD25 (IL2R achain) leading to "passive death." (29, 30) Assuming the same occurrence in vitro, this could explain low proliferation detected on day 10 of MLHC. To monitor rapid CD8
1 T cell response and its relation to CD4 1 T cells, stimulated PBMCs were analyzed on day 3 for activation markers CD25 and CD69. Indeed, upregulation of CD69 on CD8 1 T cells could be observed: overall expression of CD69 (Fig. 5A,B) as well as its cell surface density (P 5 0.017 for PBMC versus PBMC 1 PHH) were increased and significantly suppressed upon Treg supplementation. Hardly any correlation with up-regulation of CD25 was detected for CD8 1 T cells (data not shown).
Frequency of CD4 1 T cells expressing CD25 was not increased within 3 days of PHH-allostimulation but higher densities of expressed CD25 were apparent ( 
Discussion
HT was simulated in a novel in vitro experimental transplant setting (MLHC) using PHH modeling donor cells and cocultured human PBMCs representing the recipient immune system. Tregs were cocultured to evaluate their potential use for immunomodulation in this transplant scenario.
Proliferative response of PBMCs on allogeneic PHHs was delayed and reduced compared with conventional MLC. Indirect routes of antigen presentation were ruled out. Proliferative response on day 10 is mainly mediated by CD4
1 T cells, with barely any proliferative reaction of CD8 1 T cells. However, CD8 1 T cells were activated on day 3 with significant up-regulation of CD69. In MLHCs as well as MLCs, Tregs suppressed all immune reactions. Reduced effects in the trans-well setup indicate cell contact-dependent mechanisms for interaction with PHHs and PBMCs.
Activation with allogeneic PHHs revealed reduced proliferation of responder PBMCs due to hepatocytes not being typical antigen-presenting cells. Freshly isolated PHHs are known as HLA class I 1 , class II -, and can thereby stimulate allospecific cytotoxic T cells. (22) However, observed T cell reactions were predominantly CD4
1 mediated, an activation mainly triggered by HLA class II. Hepatocytes can up-regulate HLA class II in inflammation and immune-mediated liver disease. (29, 30) Consequently, inflammatory milieus in rejection reactions could induce MHC class II presentation by PHHs and explain helper T cell activation. Observed up-regulation of HLA-DR on hepatocytes upon stimulation by PBMC supports this hypothesis. Furthermore, addition of IFNc to culture medium induced the same effect, as similarly reported for other cell types, (23, 24) which could be reversed by appropriate blocking antibodies.
Generally, ABO-mismatch and disparity in MHC surface antigens are well-known to influence outcomes of transplanted tissues resulting in their use as predictors for allograft survival. (31) (32) (33) In liver transplantation, however, positive cross-matches appear more relevant than MHC or even ABO compatibility, highlighting the organ's tolerogenic properties. (34) Despite this behavior in solid organ transplantation, our experiments with different allogeneic responder PBMCs in coculture with the same PHHs or vice versa led to broad variation of proliferative outcomes, although correlation with the degree of HLA matching was still not observed. The absence of other resident, immunocompetent cells typically present in solid organs could explain these differences. Furthermore, proposed exposure of intercellular surface molecules on hepatocytes during cell isolation might change their immunogenicity. (35) Generally, acute rejection is considered mainly CD4 1 helper T cell-dependent with generation of a Th1 cytokine profile including secretion of IFNc. (36) This reaction is susceptible to immunoregulation and assumed responsible for longterm allograft survival. However, only total T cell depletion results in significant prolongation of allograft survival, as CD4
1 -and CD8
1
-dependent rejection mechanisms are codominant. (37) Cytotoxicity seems alloantibody mediated in acute CD4 1 -dependent rejection reactions, especially when CD8 1 or Th1 pathways are deficient. (37) CD8-deficient recipients present IL4-producing CD4
1 T cells, triggering increased alloantibody production. Down-regulating effects of CD8 1 T cells on posttransplant antibody production depend on IFNc and Fas Ligand (FasL) or perforin. (38) Clinically, induction of donor-specific antibody formation following HT is discussed controversially. (39, 40) Thus, reduced alloproliferation of CD8 1 T cells following stimulation with PHHs is surprising, especially considering MHC class I expression prevailing on hepatocytes. However, more rapid CD8
1 T cell response with increased expression of CD69 matches our findings for CD69 expression on day 3. Furthermore, expression of CD69 on peripheral CD8 1 cells after kidney transplantation in vivo correlates closely with acute rejection of allografts, (41) and alloreactive CD8 1 T cells are considered responsible for late rejection reactions, resulting in diminished longterm survival.
T cell-mediated immune response on allogeneic hepatocytes is reported as B cell-dependent through interactions with the CD40/CD40L pathway. (43) Our model delivered very high levels of sCD40L in supernatants of stimulated PBMC, compatible to increased CD40L expression in acute allograft rejection, (25) which induces CD4 1 and CD8 1 T cell activation and hepatocyte apoptosis. (44) CD40 interaction is necessary for CD4
1 T cell activation, but CD8 1 response is independent of this pathway. (45) Already in the PHH control, cytokine analyses revealed baseline production of proinflammatory tumor necrosis factor a (TNF-a) which is known for its role in liver diseases. (46) Likewise increased levels of IL22 and IL17A were observed. IL22 is mainly produced by group 3 innate lymphoid cells and has protective, mitogenic, and antifibrotic properties, suitable to trigger proliferation of hepatocyte progenitor cells upon inflammation. (47) The levels measured might therefore indicate the induction of endogenic repair mechanisms in isolated PHHs, especially because IL22 cooperates with IL17A in inflammation control. (48) The unexpected presence of sCD40L in the control group could be a result of hepatocyte ischemia intraoperatively or during cell culture: inflammation as well as hypoxia are known to trigger the CD40/CD40L pathway. (49, 50) Furthermore, high levels of anti-inflammatory IL10 following allostimulation with PHH seem interesting considering the inflammatory environment. Activated CD8 1 T cells are known to stimulate hepatocytes to produce anti-inflammatory cytokines (eg, IL4, IL10) (51) and Th2 CD4
1 T cells produce IL10. High IL10 levels in allografts reduce production of Th1 cell cytokines, regulating proliferation and differentiation of T, B, and natural killer cells, resulting in cell engraftment prolonging allograft survival. (52) IL10 is also instrumental for Treg function, (53) suggesting an explanation of IL10 as an activation marker for constitutional Tregs in recipient PBMCs, whereas being consumed in the PHH 1 PBMC 1 Treg group. High IL10 levels could be regarded as an attempt of counter-regulation against inflammation by responder T cells themselves.
Trans-well experiments, resulting in reduced suppressive potential of Tregs, indicate mainly cell contact-mediated modulatory effects of Treg in MLHC. This aligns with observations by others (53) that Treg effects depend on IL35 and IL10 secretion as well as cell contact. These effects are bidirectional because T cells can also increase the modulatory potential of Tregs. Our trans-well experiments and in vitro blockade of IL10 support this hypothesis of cell contactdependent mechanisms of action.
To date there are only a few clinical studies on the use of Tregs for immunomodulatory therapy in solid organ transplantation. (17) Two interesting ongoing studies are the multicentric phase 1/2 ONE Study, which focuses on the safety and efficacy of Tregs in renal transplantation (NCT02129881) and the phase 1 ThRIL study examining the application of Tregs in liver transplantation (NCT02166177).
All in all, allogeneic PHHs induce a T cell-mediated immune reaction of PBMCs in vitro as a primarily proliferative alloresponse of CD4 1 T cells with concomitant up-regulation of MHC class II on hepatocytes. Although CD8 1 T cells show no comparable proliferative response, expression of early activation marker CD69 is significantly up-regulated following stimulation with allogeneic hepatocytes. All these effects in the inflammatory milieu, indicated by cytokine levels in culture supernatants, can be effectively suppressed by coculture with polyclonal Tregs. The immunomodulatory potential of these Tregs seems primarily mediated by cell contact.
